To examine the physiological role of the GLUT4/muscle-fat specific facilitative glucose transporter in regulating glucose homeostasis, we have generated transgenic mice expressing high levels of this protein in an appropriate tissue-specific manner. Examination of two independent founder lines demonstrated that high-level expression of GLUT4 protein resulted in a marked reduction of fasting glucose levels (=70 mg/dl) compared to wild-type mice ("'130 mg/dl). Surprisingly, 30 min following an oral glucose challenge the GLUT4 transgenic mice had only a slight elevation in plasma glucose levels (Q"90 mg/dl), whereas wild-type mice displayed a typical 2-to 3-fold increase (==250-300 mg/dl). In parallel to the changes in plasma glucose, insulin levels were --2-fold lower in the transgenic mice compared to the wild-type mice. Furthermore, isolated adipocytes from the GLUT4 transgenic mice had increased basal glucose uptake and subcellular fractionation indicated elevated levels of cell surface-associated GLUT4 protein. Consistent with these results, in situ immunocytochemical localization of GLUT4 protein in adipocytes and cardiac myocytes indicated a marked increase in plasma membrane-associated GLUT4 protein in the basal state. Taken together these data demonstrate that increased expression of the human GLUT4 gene in vivo results in a constitutively high level of cell surface GLUT4 protein expression and more efficient metabolic control over fluctuations in plasma glucose concentrations.
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The GLUT4/muscle-fat glucose transporter is one member of the facilitative glucose transporter super-gene family that is specifically expressed in muscle and adipose tissues (1, 2) . In contrast to the other glucose transporter isoforms, GLUT4 contains specific amino acid targeting sequences (3) (4) (5) responsible for its localization to unique intracellular vesicular compartments found in adipocytes and muscle cells (6) (7) (8) (9) (10) (11) . In response to acute insulin stimulation, these preformed GLUT4-containing vesicles rapidly translocate to the plasma membrane in a GTP-dependent process, resulting in a large increase in plasma membrane-associated GLUT4 protein (9) (10) (11) (12) (13) (14) (15) (16) (17) .
In contrast to this acute pathway of insulin action, catabolic states such as fasting and non-insulin-dependent diabetes are directly associated with a marked resistance of adipose and muscle tissue to insulin-stimulated glucose uptake (18) (19) (20) . Recently, several studies have suggested that a decrease in GLUT4 expression may be the initial cause of insulin resistance in adipose tissue, which contributes to the maintenance ofinsulin resistance in muscle (21) (22) (23) (24) (25) (26) (27) (28) (29) . Since the pathophysiological mechanisms responsible for insulin resistance are poorly understood, we have recently generated transgenic mice expressing high levels of the human GLUT4
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protein in an appropriate tissue-specific pattern (30) . In this study we demonstrate that expression of the human GLUT4 protein in transgenic mice results in a constitutively high level of basal glucose uptake that is directly associated with marked hypoglycemia and insulinopenia relative to wild-type animals. Furthermore, circulating glucose levels remain refractory to an oral glucose challenge, indicating that the transgenic animals display a substantially greater degree of glycemic control than wild-type mice.
EXPERIMENTAL PROCEDURES
Preparation of Transgenic Mice. Transgenic mice carrying 11.5 kb (Kpn I/EcoRI fragment) of the human GLUT4 glucose transporter genomic DNA (hGLUT4-11.5) were produced as described (30) . In this study we utilized two hemizygotic transgenic lines (hGLUT4-11.5B and hGLUT4-11.5C) that displayed the correct pattern of tissue-specific expression and with ""10-fold higher protein levels compared to the endogenous mouse GLUT4 protein.
Oral Glucose Tolerance Test and Metabolite Measurements. GLUT4 transgenic mice (7-9 weeks) and age-matched nontransgenic littermates were fasted overnight and bled via the orbital sinus (0.025 ml) immediately prior to administration of an oral glucose load (1 g of glucose per kg of body weight). Mice were subsequently bled after 30, 75, and 120 min. Plasma glucose and triglyceride levels were measured using the VP Super System autoanalyzer (Abbott). Plasma insulin was determined using a radioimmunoassay (Binax) with human insulin as standard. Plasma ,3hydroxybutyrate and nonesterified free fatty acids were determined spectrophotometrically using kits from Sigma and Amano International Enzyme (Troy, VA), respectively. Cardiac glycogen levels were determined by the method of Hassid and Abraham (31) .
Glucose Transport and Adipocyte Cell Size. 2-Deoxy-Dglucose uptake was determined in isolated primary parametrial adipocytes (32, 33) 
These data (mean ± SEM) were obtained from the analysis of wild-type, hGLUT-11.5B, and hGLUT4-11.SC transgenic male and female mice at 9 weeks of age. The value (n) in parentheses indicates the number of animals used for each analysis. Significant differences from age-and sex-matched wild-type littermates are indicated (*, P < 0.01). WT, wild-type mice; GLUT4-B, hGLUT4-11.5B transgenic mice; GLUT4-C, hGLUT4-11.5C transgenic mice; ND, not determined. (30) . Two independent founder lines (hGLUT4-11.5B and hGLUT4-11.5C) were found to direct the expression of the GLUT4 protein 10-fold greater than the endogenous mouse GLUT4 protein in muscle tissues as well as in brown (interscapular) and white (parametrial) adipose tissues. Characterization of these animals demonstrated normal rates of growth and no difference in total body weight compared to nontransgenic littermates (Table 1 ). In contrast, examination of parametrial white adipose tissue in female transgenic mice of both lines demonstrated an approximate 30-50o increase in adipose tissue wet weight as well as in adipocyte cell size. However, the epididymal white adipose tissue of the transgenic male mice was not significantly different from the epididymal adipose tissue of the control male mice. This gender-specific difference in adipose tissue characteristics is consistent with the relatively poor expression of the human GLUT4 mRNA and protein in male epididymal adipose tissue compared to female parametrial adipose tissue in these transgenic animals (30) . Nevertheless, both male and female GLUT4 transgenic mice were found to have marked fasting hypoglycemia (-70 mg/dl) compared to nontransgenic wild-type littermates (Q130 mg/ml).
To determine the functional consequences of this 10-fold elevated expression of human GLUT 4 in vivo, we assessed the physiological responses ofthese animals to an oral glucose chailenge (Fig. 1) . As typically observed, 30 min following an oral glucose load of 1 g/kg a substantial increase in plasma glucose levels (2-to 3-fold) occurred in wild-type male and female mice (Fig. 1 ). This increase in circulating glucose levels was transient and gradually declined toward basal levels by 120 min. In contrast, male and female GLUT4 transgenic mice from both lines displayed only minimal excursion of plasma glucose levels in response to the same oral glucose load (Fig.  1) . This increased glucose disposal most likely results from increased glucose uptake/metabolism in muscle tissue since the male transgenic mice do not overexpress the transgene in Effect of an oral glucose challenge on plasma glucose levels in wild-type and human GLUT4 transgenic mice. Wild-type, hGLUT4-11.5B, and hGLUT4-11.5C transgenic female (A) and male (B) mice were fasted overnight and then given 1 g of glucose per kg by oral gavage, Plasma glucose levels were determined at the times indicated. Values are expressed as means ± SEM obtained from the analysis of n = 8 and n = 10 wild-type (o), n = 9 and n = 4 hGLUT4-11.5B (e), and n = 2 and n = 3 GLUT4-11.5C (m) transgenic female and male mice, respectively. All glucose values were significantly lower in the transgenic mice compared to wild-type mice (P < 0.01), except for the 120 min time point for the hGLUT4-11.5B male mice (P > 0.1). (1 g/kg) . The value (n) in parentheses indicates the number of animals used for each analysis. Significant differences from age-and sex-matched wild-type littermates are indicated (*, P < 0.01; t, P < 0.025). WT, wild-type mice; GLUT4-B, hGLUT4-11.5B transgenic mice; GLUT4-C, hGLUT4-11.SC transgenic mice; ND, not determined due to the highly lipemic nature of these plasma samples, which precluded an accurate measurement of insulin levels by radioimmunoassay.
white adipose tissue (30) . Further, the functional expression of the GLUT4 transgene in cardiac muscle was confirmed by the 3-to 5-fold increase in cardiac muscle glycogen content (Table  2) .
Similarly, the plasma insulin response following the oral glucose challenge was also markedly different between the wild-type and transgenic animals ( Table 2 ). Although wildtype animals displayed an increase in plasma insulin levels in direct proportion to the changes in plasma glucose, circulating insulin levels in both human GLUT4 transgenic mouse lines were -2-fold lower. This apparent insulinopenia was also reflected by elevated levels of plasma triglycerides, free fatty acids, and P-hydroxybutyrate.
We next determined basal and insulin-stimulated glucose transport activity in isolated adipocytes (Fig. 2) . Adipocytes isolated from white parametrial adipose tissue of wild-type mice demonstrated an approximate 4-to 5-fold insulin stimulation of 2-deoxyglucose uptake. In comparison to the wild-type animals, adipocytes from the human GLUT4 transgenic animals displayed an approximate 2-to 3-fold elevation in basal 2-deoxyglucose uptake. Although the maximal extent of 2-deoxyglucose uptake in the presence of insulin was similar between the wild-type and GLUT4 transgenic adipo- This apparent increase in basal glucose transport by adipocytes from the GLUT4 transgenic mice was found to correlate with an increased localization ofthe human GLUT4 transporter protein at the adipocyte cell surface as assessed by subceilular fractionation and immunoblotting (Fig. 3) . In the absence of insulin, the basal level of GLUT4 protein was -14-fold greater in the isolated plasma membrane fraction of the transgenic adipocytes compared to the wild-type adipo- Basal and insulin-stimulated glucose transport in isolated primary adipocytes from wild-type and hGLUT4-11.5 transgenic mice. 2-Deoxyglucose (2-DOG) uptake was determined in the absence (m) or presence (o) of 20 nM insulin in female parametrial adipocytes isolated from wild-type (WT), hGLUT4-11.SB (TG-B), and hGLUT4-11.SC (TG-C) transgenic mice. These results (mean + SD) were obtained from the average of n = 5, n = 3, and n = 2 independent experiments for the wild-type, hGLUT4-11.SB, and hGLUT4-11.SC animals, respectively. Each experiment was performed in triplicate using pooled adipocytes from eight mice. cytes (Fig. 3, compare lanes 1 and 3) . Consistent with the high level of GLUT4 protein previously reported (30) , the isolated intracellular vesicle fraction (low density microsomes) also contained a substantially increased amount of GLUT4 protein compared to the intracellular vesicle fraction of the wild-type adipocytes (Fig. 3, compare lanes 5 and 7) . As expected, insulin treatment of the wild-type adipocytes resulted in a 6-fold translocation of the intracellular pool of GLUT4 transporter protein to the plasma membrane fraction (Fig. 3, lanes 1 and 2) . Although a similar phenomenon also occurred following insulin stimulation of the transgenic adipocytes (Fig. 3, lanes 3 and 4) , the extent oftranslocation was reduced due to the relatively high level of GLUT4 protein already residing at the plasma membrane in the basal state. Interestingly, the basal and insulin-stimulated increase in 2-deoxyglucose glucose transport activity in the GLUT4 transgenic adipocytes (Fig. 2) was substantially less than the increase in plasma membrane-associated GLUT4 protein (Fig. 3) . As controls, no significant differences in GLUT1 protein expression or insulin-stimulated translocation was detected in adipocytes isolated from either the wild-type or transgenic mice (data not shown).
As an independent assessment of GLUT4 subcellular localization, we also examined the adipocyte and cardiac myocyte distribution of the GLUT4 protein by immunofluorescence using a GLUT4-specific antibody coupled with a Texas Red-conjugated secondary antibody (Figs. 4 and 5 ). Adipose and muscle tissue from fasted wild-type mice exhibited a punctate cytoplasmic GLUT4 immunofluorescence as well as a weak immunofluorescence associated with the plasmalemma (Figs. 4A and 5A ). In contrast, both tissues displayed a redistribution of the GLUT4 immunofluorescence from the condensed cytoplasmic vesicles to the plasmalemma in wild-type mice that were insulin and glucose treated (Figs. 4B and SB) . Overexpression of GLUT4 protein in vivo resulted in a specific immunofluorescent signal that was readily detected in the plasma membrane and intracellular vesicles from adipocytes and cardiac myocytes of the (Fig. 3) , exposurematched photographs clearly demonstrated that the GLUT4 transgenic mice had an increase in the total immunofluorescent signal compared to the wild-type controls (compare Fig.  4 A-C and S A-C). In addition, GLUT4 transgenic mice treated with insulin and glucose demonstrated a marked increase in cell surface GLUT4 protein content with an accompanying decrease in the punctate intracellular GLUT4 immunofluorescence (Figs. 4D and SD Proc. Natl. Acad. Sci. USA 90 (1993) observation is consistent with our previous studies demonstrating relatively low-level expression of the human GLUT4 transgene in male epididymal adipose tissue compared to female parametrial adipose tissue (30) . The fact that fasting plasma glucose and the ability to dispose of a glucose load were essentially identical in male and female mice argues strongly that overexpression of the transgene in muscle is sufficient to enhance glycemic control.
To investigate the functional basis for the observed fasting hypoglycemia in these transgenic animals, we examined GLUT4 subcellular localization and insulin-responsive glucose transport activity in parametrial adipocytes and cardiac muscle. These data demonstrated that the hypoglycemic state was accounted for by a marked increase in basal glucose uptake, which correlated with increased plasma membraneassociated GLUT4 protein. Similarly, the 3-to 5-fold increased cardiac glycogen content in the transgenic mice is reflective of increased glucose uptake into muscle via the increased cell surface GLUT4 protein. The increased content of GLUT4 protein at the plasma membrane could occur via several mechanisms, including saturation of either the intracellular targeting pathway or overloading the capacity of the intracellular vesicular compartment and/or the basal endocytic pathway. Regardless of the mechanism(s) involved, insulin treatment of the transgenic mice was still capable of inducing GLUT4 translocation from the intracellular pool to the cell surface in both adipocytes and cardiac muscle.
The reduced plasma glucose levels displayed by these GLUT4 transgenic mice would be expected to reduce the rate of pancreatic p-cell insulin secretion. Indeed, insulin as well as circulating glucose levels were remarkably refractory to an oral glucose challenge. In addition, the increased circulating levels of triglycerides, free fatty acids, and 83-hydroxybutyrate were also indicative of increased lipolysis due to insulinopenia. Despite the relative insulinopenic state of these animals, postprandial glucose disposal was not compromised as these GLUT4 transgenic mice displayed a highly efficient mechanism for glucose disposal. Thus, although glucose transport has been well documented to be the ratelimiting step in basal whole body glucose disposal (40) (41) (42) (43) (44) , high levels of tissue-specific GLUT4 protein expression resulted in glucose transport activity that is unlikely to be rate limiting for whole body glucose disposal.
